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Convection in RR Lyrae Stars

fl. F.Stellingwerf’, G, Bono*

2 Trieste Observatory, Trieste, ItalylLos .Umnos National Laboratory La Alumos, NM,

Abstract

Convection undoubtedly plays a strong role in defining the RR Lyrac instability

strip, but its effects on amplitude, mode of pulsation, and light curvc have always

been probl” matical. One reason is simply that convective models arc dificult to

compute, and their accuracy is diff]cult to ascertain. We present results of a new

convective survey of RR Lyrae stars that constitute the best models avtilablc at

this time, with better boundary conditions, physics, zoning, and length of compu-

tational run than previous results.

1. Introduction

Atlempts at inclusion of convection in Pulsatin: star models date from the early work by 13:&-

cr and Kippenhahrr (1962). They used Iincar non-adiabatic rTmdcls In which the convective effects

were included in Ihc static structure of the star, but the time dcpendcncc was not trctitcd in dc(ail in

the pulsation model. Pr.rlsatiomd damping was found for cooler models, but tlw width of the ins[u-

bility strip as compuled was too Iaqy, and the phase shifts of the cooler models did not match

those of observed stars, This study SCIthe tom’ of subscqucru cndcuwm in IIW field of [imc-dqwn-

dent ccmvcction in the sense th;il comparison with only a fcw ohscrvationid pwtimctcrs (width of

strip, phusc of ligbi curve, ampll[udcs, ctc, ) cmprisc WI only ICSISof lhc hory’s vdidit y. Christy
( 19ti6) sh(}wcd tht nun-convcchvc models srxmcd to match many of fhc propcrtjcs of ohscrvcd

stars, cxccpt for tbc quenching ut the red ctigc of the insttibility strip, I.atcr work showed that non-

cxmvcctivc rmdcls tended toward iimpiIudcs Iqcr than observed, and sh(wd diflicul(ics with

mode sckctim - particularly mwfcling the RIM mixed-mode stars. Convcctivc nmfcls, alth(nrgh

un~foutm’dly over-simplificatims of rcdity, mtiy he considered “successful” if S(HIICor till of these

discrcp:mcics wc rcnl(wc’{f.

Convcdivc Ihrmics my M cliissifkd according to scvmi chxtictcris(lcs: I ) dimcnsiondit y
(11) m 21)), 2) cffvct of the convection on the odjaccnt regions (either local or mml(wd), 3) wnpli -

tu(fc (cilhcr hmrr or nonlirww), m! 4) tinw dcpcmfcncc of ttw Convmlion (cittwr lill]t*-Lll’~r](ll*llt
or fr(wcn), Unn[) ( 1967) und IlilkL!r Oml !iollgt) ( 1979) trial linrur, l(Kill, tirlll’-(fl’~wrl(il’flt Ihcorit’s,

(lx, c1 al, ( 1966) ml W(rnxi ( 1‘)79) tried mmlincar, kwul, tirl]t’-(!~’~rl(ll’rll tlworics, ?lc.sc til-

tcmpts all showtvf pr(mliw, but missc(! significant f“cuturcs of” thu (Wwrvdtitm, I Nuprm: ( 1979)

tried iI 21) rw.ml]nctir thwry thirl n]titdwlf (hcrvuli(ms W(’II in millly rcsp.xls. Slcllinflwerf ( 1982)

derived a 11) n(mlirww, n(mkwd, tit]]~’-~ll’~rl(lcrlt tkxwy, which is SorlWWllilt cmicr to run iln{f it]

tcrprct thi~n I)cuprcc”s 2-dlrr~l’llSlorlill sctk’nl{’, and which U1.S(~sccnwd [t) rllil(Ctl olls(!fl’iltion” quite

Well,
‘ll\is p:qwr prmcnts tin fJv~*rvicw of” ir rmv scrim of ComlMlti!tionS” usin[’ ttlis suliL*nw i+~r dl’ -

tails, sec the prcscn[titl(m hy I{(mo in this collL*ilion” Iim wL’ pwscnl ;l (/Uillil Jli V(’ tl*vilw’ of Ihu r(’

suits iinll tlicir iinpllc’irtlofls.
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2, Instability Strip

Fi~urc 1 shows the location of the inslahility strip of the RR I.yriIc stars wilh mass (),65 imd

composition X=().7, 24.()() 1.1 ,incu.r rtidiativc modt*ls were computed for ttw fundwmmlid (n)(xlc

0), first ovwmm! (nwdc 1), and second ovcrtorw (mode 2) rnodcs. Ilc blue edges arc shown ahovc

M grcy llncs. only Ihc smmd ovcrlonc is sttibilimi I{)wM1 the red within the limits of [his dj:i -

gram; this is thu normal rcsul[ for noa-convcc(ivc m(xicls. Ilcsc models huvr about 120 rwhi.d

zones, which is fine cnoup,h ((~rcsoivc all of the ifnp(MtimI fc:lturcs of the puiswion,

‘llc modcis wm IINW rrpr:ltml usinp, a mmlirwar, conv~’ctivr codr with thr same physics, nu-

rncrics, i{fl(i pmrmtcrs, only fundwnchld and firsl ovcrttmc tn(dcs hvc hum computd id Otis

tire. M(KIcIs wl:rc cumputcd 111firer diffhcnl Iuminositics, IIIC mmlirwar mwlcls wcw intcgrtitcd

ah)ul 5(X)pmi(mls to dcfmunc fhcir (Ind prcfcrwd nl(Klc. ‘Ilc diuk lines sht)wn ahovc show the fi-

nd p)silion of Ihc nmlinciu imltihility slrips for the fUtldiNllC131ill tind first ovcrtorw modes. Ilwsc

lines arc smooth approximilthms lo Ihc rlcluilcd results, twl should hc uccurulc within the unccr-

Uinlics (lf thr survey. ‘Ilw ilnpliciltiims of thcw results will bc discussed hclow,

N(NC lh;~t the Muc edges m! considcrahly slufwd towiud the red, and Ihc slope of” [hc fundil-

rncnt:d hluc m!flr is Wnsidcriit)ly ciunyw! fr(ml fhc Iincw results. Illis illuslrutcs the chtingrs ir)

(his survey fr(ml Ihc “CliMiCill” Iinrtir, rw!iulivr rmults Ilwsc Ctlilll#,[’S rcprcwnl u con]himlitm t}f’

Ilic cffi’cts of umvccti(m ill}:! nimlinctiritjrs, h) lx’ UflrilVC1l’(1 in W ncxl switm, of ’umrw, Unothrr

~hilfl~[’ is ltK! apprmncc ~)i IIIC rcd l!dg(’s ill (]w ohwrvc(l I:wuli(ms,
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FIgurc2: Nonlinear instability strip showing the kxxicms of the “7x3-o growth rate lines”’ - UIC.W arc the ]irl-
w / cmvcxtivc edges of the insubility strip as derived from the nonlinmr models.

3. Mode Switching

Another piccc of information Wrivcd from the nonlinear modt’ls is lhc sl(~pc of the growth raw

al early time during the integrtition. Since the integration is starlwi at modest iirnplitudl’ ( 1() kin/s

velocity), this gives an approximation to the linear, convective insl;ibilily slrlp (Ibis strip W;IS IMI(

compufcd directly bccausc of the difficulty of including the nonlocal t!ffccts in the linear amdysis),

In lhis way wc can scpamtc the effects of the convccliort from those of [hc nonlinearity, Flgurc 2

shows Ihc 13dgcsob[aincd in this marmcr, as well as the nonlincur results sn{mm in l’igurc 1, ( )nly

the blur fundumcntid “zero growth” Iinc and the rcd ovcrtotw “zero grwwth+’ lirtc arc shown, since

UN otiwr lines coincide with (hc nonlinca.r cdgr.s, In the cmcs shtlwn W mmlitwar strips kgin rel-

atively far frotn the lines of 7jcru growth, indicating that rnockls in (hcsc rcgi(m would twgin pll-

sating in onc mock, but switcil to the other before attaining full atnplitudc. These “rn[, dc

switching” regions arc shown us shtidcd regions in Vigurt! 2, ‘Ihc di;quml lmc at ahm( fifooli” is
often rcfcrml to as the “mode-switch” Iinc. As seen from UN! Iipurr, hi~wc*vcr, there arv tictuti!ty

two mode switching Iincs, the usual Iinc at 6500K, whkh is ac[uully w ovcrt(mc rcd cd~!c for ttw
nonlinear models (at this Iinc rcdwad wolving Ovcrlom! pulsim}rs will swilch 10 thr fUllliilHICtll Nl

fnodc), and onc at ah)ut 7000K, which is the fund;mwntal mmllncw hlIJr edge (at llli~ jinl~

Mucwa.rd fundwncntid pulstihm will swilch [() (hc ovcrt(mc).
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S:lgurc 3: Areas of n(m!incar mode prcfercncc in UIC 1lR (li:igri)n)

‘1’hc region bctwccn Ihc two shxkxl arm in P’igurc 2 is the “hystmsis rcgi(m” iii which cilkr

mode is a possible full ampliludc candidate (idso called UM “either-or” region), 111]s region is

shown as a shudcd mm in Figure 3, ahovc, which also cmphasilm (h ovcrltippinc inslab]lily slrips
for Ihc two m(dcs s[udicd,

Slam evolving to the rcd will first cncounlcr inslahility at lhc ovcrt(mc blur cdgt’, [)vcrlonc

prlsalions will be sttiblc limit cycles iw tlrc star continues 10evolve until the I’tii edge of the “cilhcr-

or” reg, on is rcii~hl’(! ti[ thc overtone mmlincar ml edge. At this point thry will switch to tlw fund;l -

mcnhd and c(m[inuc in Olis n](xlc unlit slfihilimd by convection ul Ilk l’U?loillll (’tlliil Id dgc, Sin]i-

Itirly, slurs cv(dving toward tiw Muc will begin pulstihng in (hc fundunwntal m(~lc M lhc

fUIKtMK’lllill rcd t’tl~c tin(l con(inuc until Ik fun(tamcnttil Nuc cd~l’ is (Wxmntcrl’(1, IIlis tinw tit W

blue Cdgc of tile “cihx-or” rcgi(m ‘lhc star Ihcn switch~!s to the ovcrtonr un!ll Slilhili/cd 0! the

Ovcllonl” hluc Cdgc.

L’iustur ViMiatJICS will switch nmdcs ill ofw or Ihc other of tlw swilching IIm%, dcprndin[~ (m the

dircctim of cvolu(iort Ilc fracli(m of ovmon~* pultsulors will depend str~m~!ly (m llw rvolut i(m dI -

rrx.tion aml wctikly on the [cmpcrtiturc of the h(wimntul hrwwh. l)cin’n~k’nccs [m muss und h(!liunl

almndtincc arc oIs[) cxpcctcd to k weak, w){! will M uddrcsscd in future work, In ):igurl’ 1 i]t h)g 1.

= I,7 thm should h’ r(m@dy l!qllid numlwrs of OVITtolW WI(I fllll(lillll(’l)lill pUlvilor5 !OI rc(hvi.ml

evolulion, but utnml 2f% ovcrt(mv pulsators for hlucwtird cvoluti(m “I?ds is ttw w}rl ~Jl (Iillcrcn(c

f(mnd hclwcl!n ( h)slrrht~fl I und II cluslcrs, Ih’luilcd c(mlparis(ms with s~r~uii( cluslw [1:11:1ilr(’ ui)

@lW’ily.
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4. Mixed-Mode RR Lyrae Stars

RR 1,ymc stars showing a mixture of rvodcs (KM stars) were discovered in M 15 by Cox, Hod-

w’,:: and Clanuy ( 1983), and huvc now hccn found in many other clus[crs as WCII as the ticld SW

(thcr papers in this collection for the current olmrvtillonal SIXIUSof thcw ohjccts. Although sever-

al Inodcls h:lvc twcn c(mswuctct~ showinl! this hchtlvior, the [~twrvcd h}ctition of the s!ars in a nw-

tow rdngc of wmpcra(urcs llCiK the crnter of the instahiliiy strip tw not been reproduced

ihcorctically, ]’ossihlr cxplwrulions of t,hcsc stars ~ncludc 1) mode wvitching al a transilhm line (in

Pigurc 4, the lirws at 650(JKand 7(XX)K),2)astahlc “n~ixcd-mode” region In W HR diagr;m~ in-

S[cod of ih(’ “cithcl -or” region found twrc, ml 3) mixed-m~tic hch~vior now rcsimitnccs (WC

Iluchlcr and Kovacs, 1986). Wnc Iikcly R’$(MliUKC lines m’ show’n in I’igurc 4 for the curwrrt sur-

vey, I.incw combinations of these Iincs arc idso p)ssihlc, but should Iic in Ow siinw general vicini-

ty ns the hncs shown.

Some prcliminiiry compmuions have hccn undertaken with the prcscru mtxicls 10 dcicrmint

the crcdihlllty 01 these cxpitinutions. Onjy h icw nhxlcls hirvc txwn computmt, so W conclusions

arc tcnt:lti vc, llc competitions Mw the form of Iimc intcgrutions starting wilt) either a rclulivcly
pure mode tit low amplitude, or h mixture of :n(~t’s, and continuing until the limd nonlinear rcsull

~m hc a.wWainc*d 1luring the cidcultilion, the amplitudes of the amlpmcnts iuc obtained using

the i’I)M trchniquc (Stcllin~wcrf, 197H),Ibm nNKk’ls will h discussed hcrr, (mr tit rclalivc!y hi~!h

hIlll~IM)NltY (lll(MjL’[ 2,3), d t~n[’ tit low Iundfloshy ~!li(~kl 44f)).
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Model 2.!4 has log I.=1.8,Te=71(X)K. Figure S shows W evolution of this rnodcl when initi-

ated in W fundtinmntid mode. A[ firstboth the fundamcrmtl imd IIW firs[ ~Jvcftonu grew, until atM)uI
period IO(X),when it appeared that a stable mlxturc of rnodcs ww cnll’rging. [JllfoI[(illillCly ’, this

was not the cm sinu: the overtone cvcntutilly dominutcd imd qucrichcd the la~cr iunpli!udc fun-

dmcntul. Nf)tc th:I[ W switch took 60W Pcriods, or alx)ut 9 ycilfs. Since Ibis nl(d~!l is not cxw:tly

al the trm$ilion Iln(!, an Wud mode switch at the h wilt tw much I(mgcr (pcrhups l(X)- I(KN)

ycam, dqcnding m the rule of evolution), Models ‘atIowcr I ~will tiIkc hm~!cr still bccausc of

rmdlcr growth rutcs. “I%csc swiiching times arc much Iongcr thtin [how f(mnd for purely riidiatiw

models, It thus appcius that nwdc switching is a possihihty to bc c(msidcred, ml SINWM hc

chcckcd w the ohscrvaliwrtil WC biLw?is cx[cndcd,
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Figure 6 Iimc hiswry of the fIrsI three mmk!s in the dcvclqmcn[ of model 4.6 initiim’d in the ovcrmnc

Model 4.6 h~s hg 1.= 1,Sand T~=65(X)K,This model is thus near the two main resonance

Iincs in Figure 4, a’: WCII as the coo! nmdc swilclting line. Also, its lirwar growth rates arc smaller

than model 4.6. I-lgurc 6 shows the cvolut.ion of t.hc model when initjatcd in the overtone mode.

After .S00 periods of intcgratkm the ovcrtcmc establishes itself w a stahlc limit cycle, and maintains

this behavior until pcrjod 25(M. llw light and velocity curvcs look perfectly rcgultir all during thjs
period, and the model would cmtainly bc chuwiticd as a stable ovcrtcmc with the usual visual anid-

ysis, 77w PIIM amplitudes, however, show that the fundamental begins 10 grow at about period

1000, and is dominant by pcfiod WOO ‘Nw overtone decays, but dots not disappear, and the sec-

ond overtone also joins in toward the end. The two overtones conlinuv at shout u 10% Icvcl in ru-

dius amplitude, which is a~wt ?(MI in luminosity. A long term ~willimw~ is also visihlc, with u
period of about 1(NM periods (ah)ut 1 year).
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To test whether the long term behavior seen in Flgurc 6 is really a stable mixed-mock limit cy-

cle, the same mocfcl wm initialized in the fundamental mode and ano{hcr long integration under-

taken, The result is shown in Figure 7. !n this ca..e the model procccds directly to the same

behavior seen after 35(X)periods in Figure 6, and is al the final state after shout 500 periods. Again

the long term modulaljon is seen in the secondary modes, and both appear to be in phase with

about a IO(K) period modulation time. ‘Ibis behavior is suggestive of a Wce mode rcsonanec, but it

is not clear whether this phcnmnenon is identical to that seen in actual RW stars, or if the reso-
nanee actually plays a vital role. Ic particular, a model at this same luminosity, but at a temperature

of 7GOOK (near the other transition line) also appears to show sigm of a rnixcd mode state, but W,i!

time with the overtone dominanL Wthcr tests will be needed to finally resolve these issues.



5. Conclu”on

‘Ilk?convective RR Lyrac survey has supplied a new prediction for the instability strip that dif-
fers in stveral significant features from previous surveys. ‘Ihese differences still need to lx carefM-
Iy compared with observational evidence, but indications are that berter agreement will be
achieved for the RR Lyrae systematic. Amplitudes of the models are generally lower than radia-
tive models, and the growth rates are smaller. This should favor mixed mode behavior, but prelim-
inary results seem to indicate that this is true oEJy at low luminosities, We find that the time
required to switch modes is longer than previously derived, however, opening the possibility that
the RRd stars are in transit ffom one mode to another. If this is true, then changes should be seen in
the amplitudes of at least some of these objects as a t%nctionof time.
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Questions:

S. R. Srccnivz$an: The sys!mn of cqu~tions you have used is o!’the “reaction-diffusion” ty~
of equations. Thcy exhibit struclurtil ph~$e transitions, hystersis, and transition to chaos. There is
ccmsidcrablc Iiwraturc on the subjcc( and it might be interesting 10 rwikc comparisons with your
work.

RFS: I agree!
Gcza Kovacs: Is not the cddj’ viscosity just another fudge factor (o substitute the artificial vis-

cosity by a “more physical one”?

RFS: Wc find that Lhc mlpliIudc is only weakly dependent on the eddv viscosity. Remcmlwr
that the turbulent pressure is (mc component in the total pressure, wi that it is Uw total pressure
thal is fixed hy the momentum equation. In one test, I turned off the mrbulcn[ viscosity comph.wly,

but the total work wm afXectcctonly slightly, although the eddy dissipation was significant. I_hc
structiirc had adjusted to maintain rwarly the same total pressure. T?ICeddy term will have a scc.
ondwy effect on the structure, which is weaker than it ltx~ks. Jn mosl 0[ our rnodcls, limiting anl-
plitudc is dctcrmuncd by siong c(mvechvc quenching, primarily at Ihc phwc near miuimum
radius, rather than by viscous cflccts.


